Myoglobin is a cytoplasmic hemoprotein, expressed solely in cardiac myocytes and oxidative skeletal muscle fibers, that reversibly binds O2 by its heme residue, a porphyrin ring:iron ion complex. Since the initial discovery of its structure over 40·years ago, wide-ranging work by many investigators has added importantly to our understanding of its function and regulation. Functionally, myoglobin is well accepted as an O 2-storage protein in muscle, capable of releasing O2 during periods of hypoxia or anoxia. Myoglobin is also thought to buffer intracellular O2 concentration when muscle activity increases and to facilitate intracellular O2 diffusion by providing a parallel path that augments simple diffusion of dissolved O2. The use of gene targeting and other molecular biological techniques has revealed important new insights into the developmental and environmental regulation of myoglobin and provided additional functions for this hemoprotein such as scavenging nitric oxide and reactive O 2 species. These recent findings, coupled with additional emerging technologies and the discovery of other tissue globins, provide a framework for addressing new questions about myoglobin and readdressing old ones.
Introduction
and share a common plane (Fig.·3B ). The imidazole side chain of His93 provides the fifth ligand, stabilizing the heme group and slightly displacing the iron ion away from the plane of the heme. The sixth ligand position, unoccupied in deoxymyoglobin, serves as the binding site for O 2 , as well as for other potential ligands such as CO or NO. When O 2 binds, the iron ion is partially pulled back toward the porphyrin plane. Although this displacement is of little consequence in the function of monomeric myoglobin, it provides the basis for the conformational changes that underlie the allosteric properties of tetrameric hemoglobin. In addition, studies using X-ray diffraction and xenon-binding techniques have identified four highly conserved internal cavities within the myoglobin molecule that may serve to concentrate and orient molecules for binding to the heme residue (Frauenfelder et al., 2001) .
Functional roles

Oxygen storage
Myoglobin is perhaps best known as an O 2 -storage protein in muscle. This role is especially evident in marine mammals and birds that undergo extended periods of apnea when diving. In the absence of inspired O 2 , stored O 2 (oxymyoglobin; Kooyman and Ponganis, 1998) becomes available to supply locomotor muscles involved in diving-related activities. The role of myoglobin as a store of O 2 is supported by the observation that diving mammals and birds can have muscle myoglobin contents that are increased 10-to 30-fold compared with those seen in animals that do not experience prolonged apnea (Table·1; Noren and Williams, 1999) . Thus, when oxygen delivery ceases during breath-hold diving, O 2 bound to myoglobin is released to sustain aerobic metabolism in active muscles. Skeletal muscle myoglobin concentration is positively and significantly correlated with dive duration in some species (Kooyman and Ponganis, 1998; Noren and Williams, 1999) . Myoglobin concentration in skeletal muscle is also increased in humans and other species living at high altitude (Gimenez et al., 1977; Terrados, 1992) . In addition, myoglobin expression is increased in response to chronic contractile activity in animal models (Neufer et al., 1998; Underwood and Williams, 1987) .
P O ∑ buffering Related to its role as a tissue reservoir of O 2 , myoglobin has been proposed to also serve as a buffer of intracellular P O ∑ in a number of species including the human, rodent and bovine models. Similar to the role of creatine phosphokinase, which functions to buffer ATP concentrations when muscle activity increases, myoglobin functions to buffer O 2 concentrations under similar conditions (Hochachka, 1999; Meyer et al., 1984) . As a result, the intracellular concentration of O 2 remains relatively constant and homogeneous despite dramatic activity-G. A. Ordway and D. J. Garry 3442 induced increases in O2 flux from capillary to mitochondria. Myoglobin saturation has been shown to decrease rapidly at the onset of muscle activity and reach its nadir (30-60%) at approximately half-maximal levels of work (Richardson et al., 1995) . As work increased to maximal effort, however, myoglobin saturation remained relatively constant, indicating that O2 concentration was likewise relatively constant (Richardson et al., 1995) . By contrast, Molé et al. (1999) showed that, although myoglobin saturation was approximately 48% at peak muscle O2 consumption, the degree of desaturation increased linearly as a function of muscle work output. Irrespective of this difference, these studies indicate that myoglobin may provide a source of readily available O2 at the onset of exercise and increase the PO∑ gradient from capillary to muscle cell even at low levels of activity, suggesting that myoglobin has a role that is intermediate between two other functions, O2 storage and facilitated O2 diffusion.
Facilitated O2 diffusion
A third role purported for myoglobin is facilitated or myoglobin-mediated O2 diffusion. As indicated, myoglobin desaturates rapidly at the onset of muscle activity, increasing the PO∑ gradient from capillary blood to cytoplasm.
Furthermore, it has been proposed that desaturated myoglobin close to the cell membrane then binds O2 and diffuses to the mitochondria, providing a parallel path that supplements simple diffusion of dissolved O2 (Wittenberg, 1959 (Wittenberg, , 1970 . Compelling theoretical and experimental evidence has been presented for (Conley and Jones, 1996; Merx et al., 2001; Murray, 1971; Salathe and Chen, 1993) and against (Jürgens et al., 1994; Papadopoulos et al., 2001) this purported role for myoglobin, so its contribution to overall O2 flux in exercising muscle remains equivocal.
Genetic regulation and expression patterns
The recent review by Garry et al. (2003) provides a succinct account of the genomic organization and transcriptional regulation of myoglobin. In addition, a number of studies have focused on developmental aspects of the expression of this hemoprotein (Fig.·4) . In newborn mice, myoglobin is expressed at low levels in hindlimb muscles; however, as development proceeds and locomotor activity increases, myoglobin expression increases dramatically in oxidative, fatigue-resistant fibers (Garry et al., 1996) . Neonatal dolphins, penguins and seals have myoglobin levels in locomotor muscles that are a fraction of those seen in adults (Noren et al., 2001) . As the young mature and spend increasing amounts of time swimming and diving, myoglobin content in their muscles increases accordingly, approaching adult levels coincident with weaning and independent activity. Thus, although genetics plays an important role in establishing inherent levels of muscle myoglobin content, developmental programs and/or environmental cues and stresses such as physical activity, temperature and O2 availability play at least equally important roles in determining functional levels of this protein.
It's nice to have but is it necessary?
Transgenic technologies provide unique opportunities to study the effects of gain-of-function or loss-of-function of proteins of interest on animal development and performance. Eliminating a protein by gene targeting or knockout techniques can produce valuable information regarding the predicted role of the protein but can also reveal unexpected findings and unanticipated functions. Although previous work had shown that cardiac and skeletal muscle function were significantly impaired by pharmacological or chemical agents that reduced the levels of oxymyoglobin (Wittenberg and Wittenberg, 1975; Doeller and Wittenberg, 1991) , additional non-specific effects of the agents (e.g. CO) were a concern. To address this concern, mice that lack myoglobin were engineered using gene targeting strategies that deleted exon 2 of the myoglobin gene (Garry et al., 1998; Gödecke et al., 1999) , which encodes almost half of the 154 amino acids that make up the protein (amino acids 31-105), including the essential heme-binding domain (Fig.·5A ). Immunohistochemical and western analysis confirmed that the myoglobin protein could not be detected in cardiac or skeletal muscles of the knockout mice. While the mutation resulted in a number of lethal cardiovascular defects in embryos between days E9.5 and E10.5, those that survived this critical period showed no additional problems but revealed critical cellular and molecular adaptive responses (see below; Meeson et al., 2001) . Following birth, the myoglobin knockout mice showed no apparent phenotype other than depigmentation of the heart and soleus muscles ( Fig.·5B ; Garry et al., 1998; Gödecke et al., 1999) . They grew normally, were able to perform exhaustive treadmill exercise and responded normally to a hypoxic challenge (Garry et al., 1998) . In addition, skeletal muscles and hearts isolated from the knockout mice were equal to those from their wild-type counterparts in studies of contractile function in the presence or absence of O 2 (Garry et al., 1998; Gödecke et al., 1999) . Although there were no apparent disruptions of sarcomere structure or mitochondrial content, a number of cardiac adaptations were seen that favored improved O2 delivery in the absence of myoglobin (Gödecke et al., 1999) . These included increases in capillarity, coronary flow and hematocrit. Subsequent studies have confirmed these cardiac adaptations and shown that they occur in skeletal muscle as well (Grange et al., 2001; Meeson et al., 2001 ). In addition, myoglobin-deficient mice demonstrate increased expression of a number of hypoxia-inducible genes (hypoxiainducible factors 1 and 2, vascular endothelial growth factor, nitric oxide synthase, etc.) that may provide the molecular basis for the cellular adaptations observed in the muscles of these knockout animals (Grange et al., 2001; Meeson et al., 2001) . Studies are in progress to determine whether previously undescribed tissue hemoproteins may further compensate and preserve contractility in the absence of myoglobin.
Emerging functional roles
A number of recent studies have demonstrated that myoglobin may have important functions beyond those associated with O2 binding. One of these is its ability to bind NO, a molecule whose effects can be either beneficial or detrimental to cellular function. In addition to its role as a potent vasodilator, NO has been shown to inhibit cytochrome c oxidase and thus impair mitochondrial respiration (Brunori, 2001a; Poderoso et al., 1998; Shiva et al., 2001 ). Brunori proposed recently that, based on its ability to bind NO, myoglobin may serve as an important scavenger of NO in heart and oxidative skeletal muscle (Brunori, 2001a,b) . A subsequent report by Flögel et al. (2001b) To produce knockout mice that lack myoglobin, exon 2 was replaced with a neomycin cassette (neo), and homologous recombination technology was used as previously described (Garry et al., 1998) .
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Compared with the wild-type adult soleus muscle (above), which is an oxidative muscle group, the myoglobin-deficient soleus muscle (below) was depigmented.
mice (Grange et al., 2001; Mammen et al., 2003) . Myoglobin is also known to have peroxidase activity (George and Irvine, 1955; Cadenas, 1989; Khan et al., 1998) , and a similar additional role for this protein as a scavenger of reactive O2 species has recently been demonstrated (Flögel et al., 2001a,b) . Future studies will be necessary to further define the functional role(s) for myoglobin in oxidative skeletal muscle. For example, important questions regarding myoglobin biology that remain unanswered include: what are the genetic factors that regulate myoglobin expression in response to an acute or chronic hypoxic stimulus; is the transcriptional regulation of myoglobin a hypoxia inducible factor (HIF-1α)-dependent mechanism; does the induction of myoglobin expression in response to hypoxia require muscle activity (i.e. swimming, running, etc.)? Moreover, the recent identification of additional tissue hemoglobins -neuroglobin and cytoglobin -suggests a physiological model in skeletal muscle that is increasingly complex and fluid regarding the role of tissue hemoglobins and muscle biology.
Nice to have and necessary
In the nearly 50·years since John Kendrew described the three-dimensional structure of myoglobin, this important tissue hemoglobin has revealed a number of diverse and important functions supporting the notion that it's not only nice but necessary. These include providing a reservoir of readily accessible O2, buffering intracellular O2 concentration, facilitating intracellular O 2 transport, inactivating NO and scavenging reactive O2 species. Gene targeting and other molecular biological techniques have added importantly to our understanding of the overall role of myoglobin in O2 delivery and utilization by answering new questions and enabling old ones to be revisited. In addition, the embryonic lethality and compensatory adaptations associated with myoglobin-deficient mice give further evidence of the necessity of myoglobin in normal muscle development and function. These and other emerging technologies will provide scientists with powerful tools to address additional fundamental questions about myoglobin and other tissue globins within an integrative framework.
